This study incorporates steady magnetohydrodynamic flow of nanofluid between two concentric circular cylinders with the consideration of heat generation/absorption effects. The flow is assessed with respect to constant surface temperature (CST) and constant heat flux (CHF) thermal boundary conditions. The governing nonlinear partial differential equations are reduced to a dimensionless system of ordinary differential equations by means of suitable similarity transformations whose solutions are obtained by employing homotopy analysis method. Comparison of computed solutions with existing results in the literature are displayed. The heat and mass transfer characteristics are analyzed for various values of relevant parameters by demonstrating and discussing the plots of velocity, temperature and concentration profiles. The numerical values of skin friction coefficient, Nusselt number and Sherwood number for both the thermal boundary conditions are also computed.
Introduction
The axial motion of a cylinder for stagnation point of fluid flow, heat and mass transfer occurs in many industrial processes such as cooling processes, cleaning of punching instruments, drilling tools and solar industry. On the other hand, the excessive requirements of energy resources encouraged researchers to explore the alternative energy resources.
The study of axisymmetric stagnation flow goes back to the poineering work of Wang [1] who inquired axisymmetric stagnation flow on an infinite cylinder. Seeking Wang's idea, an enormous amount of research has been executed on axisymmetric stagnation flows [2, 3, 4, 5, 6, 7, 8] . Gorla [9] examined outcome of axisymmetric stagnation flow on a viscous fluid in which the flow is subjected to circular cylinders performing harmonic motion. Hong and Wang [10] explored annular axisymmetric flow on two cylinders, one being fixed and the other being moving. The axisymmetric flow of a micropolar nanofluid confined between two cylinders near a stagnation point was studied by Nadeem et al. [11] . Hassanien and Salama [12] looked into the steady axisymmetric flow of a micropolar fluid for a circular infinite cylinder whereas the flow is conducted in the neighborhood of stagnation point. Lately, Hayat et al. [13] analyzed thermal radiation effects on magnetohydrodynamic axisymmetric flow with the existence of convective boundary conditions for third grade fluid in such a way that the fluid is enclosed between two disks, one disk is squeezed and the other is fixed. Soid et al. [14] worked numerically on axisymmetric stagnation flow subjected to stretching/shrinking surface in the presence of second-order velocity slip. The axisymmetric mixed convection flow of Sisko fluid within the surroundings of stagnation point past a cylinder was studied by Awais et al. [15] . Rehman et al. [16] analyzed flow of micropolar fluid placed between two cylinders near an axisymmetric stagnation point.
Nanoparticles (metal or nonmetal) possessing diameter below 100nm are the influential elements of nanofluids. A greater extent of industrial and engineering exercises are based on nanofluids as they have higher thermal conductivities but lesser emissivity and exhibits eminent stability when compared to other particles. Due to these properties, nanofluids have high utility in electronic cooling system, heat exchangers and radiators. Choi [17] established the idea of "Nanofluid" and described that the addition of metallic nanoparticles in the fluids enhance their thermal conductivities. Since then nanofluids have been the supreme interest of many researchers. Recently, Rashidi et al. [18] studied the influence of magnetohydrodynamics while mixing copper oxide and alumina with base fluid. The flow is bounded between two parallel porous plates and uniform blowing is involved. Khan et al. [19] made his analysis on a horizontal cylinder which is in the state of contraction or expansion and Carreau nanofluid is accounted with the existence of temperature dependent thermal conductivity. Yan et al. [20] studied the behavior of SiO2/water nanofluid and displayed that adding nanoparticles enhance the heat transfer process which results in better efficiency of the nanofluid in solar collector field. The investigation on non-Darcy porous enclosure filled with nanofluids in the presence of double-diffusive natural convection past circular cylinders was made by Aly [21] . Job and Gunakala [22] analyzed unsteady flow inside a horizontal grooved channel that contains SWCNT-water and Au-water nanofluids with the occurrence of MHD and mixed convection.
The significance of MHD has been explored in different areas of enormous interest like its utilizations are vastly noticeable in polymer industry and metallurgy in which MHD determines cooling and stretching rates yielding desired products. The advancement of biological and geothermal sciences and different technical applications including power generation system, aero-dynamics, cooling of nuclear reactors magnificently rely on the involvement of MHD. Alizadeh et al. [23] observed an infinite stationary cylinder and assessed the effects of non-uniform normal transpiration on steady viscous flow by employing uniform transverse magnetic field. Rashidi et al. [24] evaluated magnetic field effect on third grade fluid over a sheet which is stretching linearly. Rehman et al. [25] noted the impact of magnetic field and thermal and solutal stratification on dual convection flow of Powell-Eyring fluid over a cylindrical surface. The effects of MHD and convective surface heat flux over second grade fluid subjected to semi infinite stretching sheet was examined by Das et al. [26] . Afify and Elgazery [27] dedicated their work on Maxwell Nanofluid past a stretching surface with the influence of heat generation/absorption and magnetohydrodynamics. Two phase model was taken into account for the inspection of uniform magnetic field acting between two circular cylinders by Sheikholeslami et al. [28] .
The aim of this paper is to expand the idea of Mastroberardino [29] for nanofluid with the introduction of magnetic field. Many domains including medicine, physics and engineering eminently rely on magneto nanofluids. Some of the applications include MHD generators, pumps, bearings and boundary layer control. The resulting magnetic material illustrates both the features of liquid and magnetic field for magneto nanofluids. In the present study befitting similarity transformations aids to transform the problem into ordinary differential equations which are solved by the method of homotopy analysis method [30, 31, 32, 33, 34, 35, 36, 37, 38, 39, 40] . Convergence of the solutions is inspected by presenting h-curves and the graphical behavior of controlling parameters on the flow is revealed. For further validation, a comparison of our solutions with the former work is executed.
The layout of the paper is as follows. In the next section, we present mathematical modeling of the problem by performing heat and mass transfer analysis. Section III is devoted to the solution of the system by homotopy anal-ysis method. The results and discussion on our study of underlying problem are presented in section IV. Finally, we make conclusions in the last section.
Mathematical Modeling
Let us consider laminar, axisymmetirc and incompressible flow of nanofluid with the introduction of uniform transverse magnetic field. The fluid with velocity U is injected onto an inner vertical cylinder having radius R from the outer cylinder with radius √ bR. The inner cylinder moving with axial velocity W and angular velocity Ω is surrounded by an outer immobile cylinder. A schematic interpretation of the problem being inquired here is shown in Figure  1 . 
where (u, v, w) represents the velocity field in the cylindrical coordinate system (r, θ, z), ρ is the density, p stands for the pressure, ν denotes the kinematic viscosity and B 0 is the magnetic field strength.
As the above system consists of partial differential equations, hence introducing the following transformations yield the ordinary differential equations required for the solution
Eq. (1) is then identically satisfied and after using Eq. (5) into Eqs. (2)-(4), the governing equations take the following form
with no slip conditions on the inner cylinder
and from uniform injection on the outer cylinder, we have
where M is the magnetic parameter, Re denotes the Reynolds number and are given as follows,
The radius of the inner cylinder is 1 while the radius of the outer cylinder is fixed at b.
Heat Transfer Analysis
Pursuing [41] , the thermal boundary layer for nanofluid is established and the effects of heat generation/absorbtion are also taken into account. The governing thermal boundary-layer equation is given as
in which T stands for the temperature of the fluid, α indicates the thermal diffusivity, D B is the Brownian diffusion coefficient, D T represents the thermophoresis diffusion coefficient, T ∞ indicates the ambient temperature, Q is the dimensional heat absorption/generation coefficient and C p is symbolized for specific heat.
As there is a lot of contrast between the temperature distribution for the case of constant surface temperature (CST) and constant heat flux (CHF), therefore we examine our solution for both the boundary conditions. Let us first consider the case of CST, for which the thermal boundary conditions are written as
where T i and T o denote the temperatures of the inner and outer cylinders, respectively. After employing the transformation
into Eq. (11), thermal boundary layer equation then takes the form
with the boundary conditions
where Pr is the Prandtl number, N b represents the Brownian motion param-eter, N t is the thermophoresis parameter, δ represents the heat generation (δ > 0) and absorption (δ < 0) parameter and are expressed as,
The Nusselt number is defined to be
where q w is the heat flux and k stands for thermal conductivity. Using Eq. (17), the Nusselt number is determined as
Considering the case of constant heat flux (CHF) at inner cylinder, the following thermal boundary conditions are taken into account
The transformation for this case is
After substituting Eq. (21) and Eq (5) into Eq. (11), the following equation is acquired
The Nusselt number for the CHF case is attained as
Mass Transfer Analysis
The corresponding boundary layer equation for nanofluid is stated as
with respect to the boundary conditions for the CST case
where C represents the concentration of the fluid, C i is the concentration of the inner cylinder and C 0 denotes the concentration of the outer cylinder. Application of the following similarity transformation
reduces Eq. (25) into the form
in which Le is the Lewis number defined as
and the boundary conditions become
The Sherwood number is noted to be as follows
where q m is the mass flux. The Sherwood number after substituting Eq. (31) becomes
Now considering the case of CHF at inner cylinder, the boundary conditions change to the following form
The corresponding similarity transformation is expressed as
Utilizing the above transformation (35) , the boundary layer equation is reformed as
under the boundary conditions
The Sherwood number for the CHF case is given as follows
Homotopy Analysis Method
In order to use the homotopy analysis method for the boundary value problems for f (η), g(η), h(η), θ(η) and φ(η) in the CST and CHF case, the linear operators are selected as
in which c i for i = 1 . . . 12 represent the constants of integration. Based on the boundary value problem, the following initial guesses are acquired
The nonlinear operators are given as follows
The zeroth-order deformation equations are presented as
The corresponding boundary conditions are
where q ∈ [0, 1] is specified for embedding parameter, andh f ,h g ,h h ,h θ and h φ represents the convergence-control parameters. If q = 0 and q = 1, then we can write
, H(η, q), Θ(η, q) and Φ(η, q) change from the initial guesses presented in Eq. (40) to the required solutions f (η), g(η), h(η), θ(η) and φ(η) with the variation of q from 0 to 1. Let us assume that the convergence control parameters are suitably selected so that the Maclaurin series expansions for F (η, q) G(η, q), H(η, q), Θ(η, q) and Φ(η, q) with respect to q converge at q = 1, then we have
The mth-order deformation equations determined after differentiating Eqs. (46)-(50) m times corresponding to the embedding parameter q, dividing by m!, and adjusting q = 0, are given as follows 
In the section below we will discuss the results and their significance. Figure 2 shows the convergence of the HAM solution in Eq. (64) which depends on the convergence-control parametersh f ,h g ,h h ,h θ andh φ . To obtain the appropriate values, we analyzeh−curves for each of the convergence-control parameters and the range of admissible values is determined by the flat portion of these i.e.,h curves (see [30] for more details). Order of approximation Order of approximation Table 3 : Comparison of the boundary derivatives when b = 2, M = 0. Table 3 shows the comparison of the boundary derivatives of the HAM solutions with numerical solution, and perturbative solution of [10] for various values of the Reynolds number. In addition to this we also compare our solution with [29] . This comparison concludes that HAM solutions yields a considerable improvement as compare to the numerical solutions for Re 10. Note that HAM solution shows much better improvement when compared with the perturbation solutions. An increase in the Reynolds number shows an increase in both drag and torque experienced by the inner cylinder. Table 4 : Thermal boundary values for b = 2, M = δ = N b = N t = Le = 0.
Results and Discussion
In Table 4 , we record the thermal boundary values for constant surface temperature and constant heat flux boundary conditions. Here we compare our results with numerically computed solutions of [10] and HAM solution of [29] . As reported in [29] for smaller Re there is promising agreement whereas for Re = 0.1 and Re = 10 the HAM solutions and numerical solutions do not show good agreement. Our comparison with [29] shows rather more digits of accuracy. The difference between the numerically computed solution and HAM solutions might be because of the computational error which is not confirmed. Our study is consistent with [29] which states that increases in both Re and P r increase the Nusselt number in the CST case, as contrary to [10] which states that Re number has minimal effect on heat transfer process. Table 5 : boundary values for b = 2. Table 5 is constructed to observe the impact of Re and M on f (1), f (1), g (1) and h (1). It is clear from the table that increment of both Re and M have an increasing effect on f (1), f (1), g (1) and h (1).
The influence of dominant parameters on Nusselt number for both CST and CHF case is presented in Table 6 . The Nusselt number for the CST case is an increasing function of Re and M and the opposite behavior is observed for P r, N b, N t, δ and Le. While for the case of CHF Nusselt number is decreasing function of Re, M, P r and Le and an increasing function of N b, N t and δ. Table 7 : Thermal boundary values for b = 2. Table 7 is displayed to note the behavior of Sherwood number for the controlling parameters. The values of Sherwood number enhance when large values are assigned to all the parameters involved in the case of CST but this is not the same for CHF. The increased values of Re, M, N b, N t, δ and Le minimize the values of Sherwood number for the case of CHF whereas P r seems to have opposite influence on the Sherwood number as compared to the other parameters.
Influence of magnetic parameter M on the similarity functions f, g and h computed by the homotopy analysis method, is shown in Figures 3-5 , respectively. In Figure 3 , we see that similarity function f increases as the magnetic parameter M increases when other relevant parameters are held constant. Similarity functions g and h decrease as magnetic parameter increases as depicted in Figures 4 and 5 when b = 2 and Re = 1. Boundary layer thickness for the functions g and h decreases as the magnetic parameter increases. Moreover the effect of M on the functions g and h is more profound than the function f . Effect of varying the dimensionless Reynolds number Re and Prandtl number P r on fluid temperature θ(η) in case of constant surface temperature (CST) is displayed in Figures 6 and 7 , respectively. From Figure 6 we observe that the fluid temperature decreases as the Reynolds number increases when other parameters are held fixed. This is due to the fact that increase in Reynolds number is to reduce the depth of diffusion of the thermal boundary layer which enhances the rate of heat transfer. In Figure 7 , it is seen that the fluid temperature decreases as the dimensionless Prandtl number P r increases. Indeed the Prandtl number signifies the ratio of momentum diffusivity to thermal diffusivity which if increased reduces the thermal boundary layer thickness that eventually causes a decrease in fluid temperature. Further, effect of Reynolds number on θ(η) is profound as compared to the Prandtl number. Figure 8 presents the influence of heat generation or absorption parameter δ on fluid temperature θ(η) in case of constant surface temperature. We observe that the fluid temperature increases as the parameter δ increases when other parameters are kept constant. Physically, the presence of heat generation effects has the tendency to increase the fluid temperature, causing the thermal boundary layer thickness to increase, while the heat absorption has the effect of decreasing the fluid temperature and the thermal boundary thickness becomes thinner with increase in the heat absorption. Fluid temperature θ(η) is plotted for the Brownian motion parameter N b and thermophoresis parameter N t in the Figures 9 and 10 , respectively for con-stant surface temperature case whereby we observe that the fluid temperature increases as the Brownian motion and thermophoresis parameter increase. Influence of the Reynolds number Re and Prandtl number P r on fluid temperature θ(η) in case of constant heat flux (CHF) case when other parameters are held constant is presented in Figures 11 and 12 , respectively. As expected, fluid temperature decreases as the Reynolds and Prandtl number increase. 
Conclusion
We have investigated analytically the steady, incompressible, MHD laminar stagnation point flow and heat transfer of a Nanofluid between two circular cylinders with heat generation and absorption effect for two different types of thermal boundary conditions, namely, a constant surface temperature and a constant heat flux. The solutions obtained using HAM are compared with the existing literature. We have presented figures of the velocity and temperature profiles for different values of the governing parameters and tables of the relevant boundary derivatives. Below we summarize the key points of our study:
1. f (η) increases by increasing magnetic parameter M while opposite trend is noted for h(η) and g(η).
2. Effect of Reynolds number is to decrease Nanofluid temperature for both CST and CHF cases.
3. Fluid temperature increases by increasing heat generation/absorption parameter with more profound effect in case of CHF as compared to CST.
4. Influence of Thermophoresis and Brownian motion parameters is to enhance Nanofluid temperature for CST and CHF cases.
5. Nanofluid particles concentration decreases by increasing Lewis number, Reynolds number, Thermophoresis and Brownian motion parameter for CST as well as CHF cases when other parameters are held fixed.
6. Local Nusselt number increases by increasing Reynolds number and magnetic parameter whereas opposite effect are observed for Prandtl number, Brownian motion parameter, thermophoresis parameter, heat generation/absorption parameter and Lewis number for CST case and decreases by increasing Reynold number, magnetic parameter, Prandtl number and Lewis number for CHF case. The Sherwood number increases for all parameters in case of CST while for the case of CHF, only Prandtl number has an increasing effect.
The basic features of this model may be included in further studies for various flow situations in complex media. We hope that further theoretical and experimental studies may be motivated by our work.
